The nanocarrier capabilities of atomically smooth 2-dimensional sheets of a biantennary oligoglycine peptide C 8 H 16 (-CH 2 -NH-Gly 5 ) 2 (also called tectomers) are demonstrated. We show that the pH-controlled, rapid and reversible assembly and disassembly of oligoglycine can be effectively used for controlled loading and release of the anticancer drug and fluorescent probe coralyne. The calculated partition coefficient in water is of the same order of magnitude or higher when compared to other nanocarriers such as liposomes and micelles, signifying the tectomer's impressive loading capabilities. Moreover, the loading of guest molecules in tectomers facilitates the protection from rapid photochemically-induced 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   2 degradation. Such efficient, pH-sensitive, stable and biocompatible nanocarriers are extremely attractive for biosensing, therapeutic and theranostic applications. Additionally, our results suggest that these planar self-assembled materials can also act as phase-transfer vehicles for hydrophobic cargoes further broadening their biomedical and technological applications.
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INTRODUCTION
The development of new nanocarriers including micelles, 1,2 liposomes, 3, 4 dendrimers, 5, 6 polymers, 7,8 nanoparticles, 9,10 functionalized carbon nanotubes (CNTs) [11] [12] [13] and graphene oxide (GO), 14, 15 has opened fascinating avenues in drug delivery, gene therapy and in a variety of other technological applications. [16] [17] [18] [19] [20] [21] In particular, nanocarriers that deliver drugs in response to specific stimuli (including temperature, redox potential, magnetic field, electrical field or pH) allow selective release of cargo and load, therefore offering enhanced performance. [22] [23] [24] Most importantly, nanocarriers that combine efficient therapeutic and diagnostic functionalities have attracted considerable attention in the now flourishing area of theranostics. 25, 26 Novel amino terminal oligoglycine assemblies, capable of spontaneous or surfacepromoted formation of flat 2-dimensional (2D) structures have been recently reported. [27] [28] [29] The stability of these assemblies is explained by the formation of a hydrogen bonded network, in polyglycine II (PGII) type architecture, 30 extended in two dimensions, and by the inaccessibility of water molecules to the internal regions of the assemblies (hydrophobic effect). This class of noncovalent assembly in a supramolecular compound has been termed tectomer [27] [28] [29] with selfassembly and aggregation favoured when transitioned to a basic pH environment. Interestingly, though tectomer formation can take place in solution, it has been reported that the assembly 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3 process proceeds two orders of magnitude more rapidly on a mica surface with the peptides capable of forming atomically smooth (2.6-4.3 nm in height) layers. 31 Several biomedical applications for tectomers have already been suggested. 29, 32 For instance, enhanced antiviral activity could be achieved by multipoint binding of tectomers with viruses whereby the adsorption of the large glycopeptide sheet onto a viral surface may prevent eventual adhesion to cells. The absence of acute toxicity in mice has been reported for glycopeptide tectomers 33 . More generally, tectomers capable of forming perfectly flat and rigid layers of a predetermined thickness appear promising for the design of new nanomaterials and as a platform for nanodevices. 28 In this report, we demonstrate for the first time that oligoglycine peptide self-assemblies can be used as pH-controlled nanocarriers. The chemical structure of the biantennary oligoglycine used is shown in Figure 1a . This oligoglycine has a -(CH 2 ) 10 -hydrophobic insertion in the center of the molecule, which determines its amphiphilic nature. For ease of discussion we use the term oligoglycine when referring to the chemical substance, and the term tectomer when referring to the 2D assembly ( Figure 1b ). In the literature oligoglycine-based bolaamphiphiles are described that have certain molecular structure similarity to our biantennary oligoglycine, but with dicarboxylic head groups at both ends. 34, 35 However, they assemble in a different fashion due to the electrostatic repulsion between ionized carboxylic groups, and they form microtubes and vesicles.
As a test case, we use coralyne, a hydrophobic anticancer drug. Coralyne is a planar, crescent-shaped molecule with a dibenzoquinolizinium skeleton (Figure 1c) . It has been shown to have anti-inflammatory, antisecretory, antimicrobial, antimalarial, and antileukemic activity, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Here we show extremely efficient loading of coralyne in tectomer assemblies and that this loading and subsequent release from the nanocarrier is succinctly controlled by pH.
Accordingly, our results suggest that these novel planar self-assembled materials are promising for their use as pH-sensitive nanocarriers for considerable hydrophobic cargoes, even as phasetransfer vehicles making them appealing for a range of biomedical and sensing applications. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Oligoglycine solutions were bath sonicated for 2 min and then probe sonicated in pulsed mode (1 s on, 3 s off, amplitude: 21%) for 6 min (6 min of effective "on" sonication). pH of ultrapure water, buffers and the prepared oligoglycine solutions were measured by means of a
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Crison Basic 20 pHmeter. In the case of ultrapure water, KCl was added to obtain a reliable pH measurement, due to the low electrical conductivity.
Electron microscopy characterization.
Transmission electron microscopy (TEM, TECNAI T20 microscope) was used to characterize oligoglycine peptide self-assemblies at several pHs. Samples for TEM imaging were prepared as follows: a droplet of the oligoglycine peptide solution was deposited onto carbon-coated copper grids (previously treated in a UVozone chamber for 5 min). The samples were allowed to dry under ambient conditions after wicking away most of the solution. In the case of samples in buffer pH 3.0, samples were also characterized staining with phosphotungstic acid or uranyl acetate to distinguish vesicular structures. Environmental scanning electron microscopy (ESEM) was also used here as it offers the ability to image liquid samples by SEM without prior sample preparation (no conductive coating is required). A Quanta FEG 250 ESEM microscope (FEI Company) was used to collect micrographs of the prepared samples. The chamber pressure and sample temperature were set at 650 Pa and 1ºC, respectively, which leads to a 100% relative humidity.
Atomic force microscopy.
Atomic force microscopy (AFM) study was performed using a NTEGRA AFM microscope (NT-MDT), operating in semi-contact mode. AFM probes (Nanosensors™) with a force constant ranging from 10 N·m -1 to 130 N·m -1 were used. All images were corrected for the tilt of the sample and background subtraction was employed. One drop of the prepared oligoglycine peptide solutions was spin-coated onto a freshly cleaved mica 7 substrate (at 3000 rpm for 7 seconds). After 5 seconds of sample deposition, substrate was rotated twice again at the same speed and time, to remove excess of material.
2.4. Zeta-potential characterization. Zeta-potential measurements of oligoglycine selfassemblies aqueous solutions, without and with coralyne (10 µg·mL -1 ), were performed using Zetasiser Nano ZS equipment (Malvern), based on electrophoretic light scattering technology.
The refractive index and viscosity of the solvent were properly taken into account within the instrument software manager.
2.5. Absorption and fluorescence spectra. Absorption UV-vis spectra were recorded on a Shimadzu UV-1800 spectrophotometer. In these experiments coralyne concentration used was
The interaction between the fluorophore and oligoglycine assemblies was quantified by measuring the changes in coralyne fluorescent optical properties. Steady-state fluorescence measurements were performed with a Yobin Ivon FluoroMax-P spectrophotometer (Horiba). The option S/R was used to correct lamp profile or temporal fluctuations (R is a reference detector included in the instrument). The excitation wavelength was set to 410 nm and the emission covered the spectra from 400 to 600 nm (maximum emission 476 nm). Slits were set at 2 nm for the excitation and emission. In this kind of studies, the interaction of a compound with assemblies is usually followed by adding a stock solution successively to an aqueous solution of the compound in study and, after each addition, the spectroscopic signal is collected to monitor the interaction. However, due to the high susceptibility of coralyne to photochemical degradation, here several dilutions of a stock solution of oligoglycine peptide were prepared in different samples. Then, a constant volume from coralyne stock solution was added to each of These studies were performed in ultrapure water and in buffer pH 3.0. When using pH 7.4 buffered solutions, as the oligoglycine is not soluble in these conditions, the oligoglycine peptide was first dissolved in a solution of coralyne in water and then the buffer was added to the solution to reach pH 7.4. After allowing the dispersion to settle for 5 hours, supernatant and sediment were characterized. 
Tail-fitting using either the mono-or biexponential model was applied, using FAST (fluorescence analysis software technology) decay analysis software. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3.1. The effect of pH on the oligolycine assembly. As can be seen in the TEM images in Table S1 in the Supporting Information).
SEM provides additional evidence of the planar assembly of oligoglycine after drying on a substrate, as shown in Figure 2f . AFM was used to study the morphology of the platelets deposited on a mica substrate. As can be seen, these assemblies form multilayered stacks ( Figure   2g ,h) each of them ~ 5.6 nm high (Figure 2i ). It is very interesting to note, that the 2D structure and size of these assemblies resembles that of graphene and inorganic layered materials exfoliated in solution. 48, 49 As one of its dimension (thickness) is in the nanoscale, tectomers can be therefore considered as nanomaterials.
50,51
Page 10 of 35 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In acidic solutions (pH 3.0), the hydrophilic oligoglycine antennae are repulsed due to the positive charge on the abundant protonated amino groups, which hinders tectomer assembly or fully prevents it. Sufficiently large repulsive forces favour a curved surface over a planar one in which the headgroups are more closely spaced. The driving force for the formation of spontaneous vesicles would be the asymmetric distribution of charge between the inner and outer monolayer. 52 TEM studies reveal that vesicular structures, 40-70 nm in diameter, instead of tectomers, are formed at pH 3.0 (Figure 3) . Uranyl acetate or phosphotungstic acid were used as staining agents (Figure 3b and c). The shape of vesicles appeared distorted due to the alterations induced during the drying steps, possible artefacts due to the interaction between the sample and the stain, and exposition of samples to vacuum. 53 The thickness of the stained vesicular structure is ∼ 4 nm. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 of terminal amino groups. In this environment, the solution immediately becomes cloudy and tectomers eventually precipitate out of solution (Figure 4b ). It was determined by UV-vis spectroscopy that the remaining oligoglycine concentration in the supernatant after 5 hours was only 2% of the initial one. It is worth noting that the UV-vis spectra of the supernatant obtained after 5 hours and that collected after 24 hours were coincident, which indicates that precipitation is almost complete after 5 hours. Very interestingly, oligoglycine self-assembly and disassembly is fully and immediately reversible by changing the pH (Movie S1). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3.2. pH-controlled coralyne loading and release. Due to the amphiphilic nature of the biantennary oligoglycine used in this study, as well as to its pH-sensitive assembly and disassembly, we then explored if tectomers could be efficiently used as nanocarriers of the hydrophobic anticancer drug coralyne. Coralyne, as shown in Figure 1c , is a quaternary ammonium salt that bears a permanent positive charge at all pH values. Coralyne is significantly hydrophobic in character due to the conjugated aromatic ring system. As a consequence, nonelectrostatic interactions are essential [44] [45] [46] [54] [55] [56] [57] . Thus, coralyne, whose positive charge is spread over a conjugated ring system 58 , will have a tendency to penetrate into organized assemblies with hydrophobic cores such as the biantennary oligoglycine. The hydrophobic effect together with van der Waals interactions will play a major role as driving force for coralyne loading in biantennary oligoglycine tectomers.
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Zeta-potential measurements provide valuable information relating to the surface electrical charge of particles 59 . 1 mg·mL -1 oligoglycine solutions in water led to a zeta-potential value of +16 mV, which can explained by partial protonation of the amine groups. The zetapotential increases up to +30 mV upon addition of coralyne at 15 µg·mL -1 which is indicative of the successful incorporation of coralyne in the tectomer structure.
The effective coralyne loading within the tectomers is evidenced by confocal fluorescence microscopy ( Figure 5 ). Bright field images depicted in Figure 5a demonstrate that oligoglycine self-assembly into tectomers occurs in solution and images in Figure 5b provide further evidence of effective coralyne loading within the tectomers. The increase in fluorescence intensity for coralyne in the presence of tectomers is shown in Figure 6 . As coralyne is loaded in a more rigid and hydrophobic microenvironment, hindering alternative relaxation mechanisms that occur in polar solvent, the non-radiative decay constant will be decreased. It has also been suggested by Toptygin 60 that the radiative decay rate can be increased due to increases in the local refractive index. Both contributions may explain the increased fluorescence emission intensities obtained for coralyne in the presence of tectomers.
Our previous research on fluorophores showed that increases in fluorescence emission intensity were induced by a wide number of compounds with long aliphatic chains. 61, 62 We have used this for the detection and quantification of alkanes (ng) and other nonabsorbing molecules 16 in real matrices (e.g., lipids) by thin-layer chromatography (TLC) using fluorophore-impregnated silica gel plates. 63, 64 Upon repeating the collection of fluorescence emission spectra in water several times, it was observed that photochemically-induced damage was significantly lower for solutions in which coralyne was in the presence of oligoglycine compared to coralyne-only ( Figure S2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 and more than one order of magnitude higher than incorporation to n-dodecylphocholine (DPC) micelles (K p = 3x10 2 ). 55 Interestingly, if the tectomers are formed directly in the presence of coralyne considerably enhanced loading efficiency is achieved (K p = 1x10 4 ) (Figure 6c,d) .
Moreover, the loading of coralyne is more effective at pH 7.4 (Figure 7 ) due to the extended oligoglycine assembly as well as the fact that the deprotonation of tectomers leads to diminished electrostatic repulsion relative to the coralyne. Note that under these conditions, tectomers rapidly sediment out of solution. On the other hand, at pH 3.0, the positive surface of protonated amino groups in oligoglycine vesicular assemblies prevents the incorporation of coralyne, and it was observed that the fluorescence of coralyne was not altered by the addition of oligoglycine at pH 3.0 ( Figure S3 ).
As explained in the Experimental Section, the fluorophore concentration was kept constant at as low as 0.1 µg·mL -1 in all samples to minimize dimer formation, which would complicate partition coefficient calculations. It is known that coralyne, even at low concentrations, undergoes self-aggregation in aqueous solutions by stacking interactions 56, 67 and the fluorescence quantum yield of the dimer is lower than that of the monomer. 68 Fluorescence time-resolved experimental results confirm this and are shown in the Supporting Information ( Figure S4 ).
The high affinity of coralyne for the tectomer coupled with the reversible assembly and disassembly capabilities of the latter allow for controlled loading and release of coralyne which is easily stimulated by change of pH (Figure 7 ). We performed two experiments in parallel. In (I) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 we added deionized water and in (II) we added a buffer solution pH 7.4 respectively to a solution of coralyne (3 µg·mL 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 However if oligoglycine was present in the aqueous phase at 1 mg·mL -1 , an amount of β-carotene is transferred from the organic phase ( Figure 8b ). As β-carotene is hydrophobic, it has a high affinity for the hydrophobic core of the tectomer thus facilitating transfer from the organic to the aqueous phase. The upper phase was separated and split into two vials, to which buffer solutions were added. Upon addition of buffer pH 3.0, no β-carotene precipitates (Figure 8c 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 3.4. Discussion. As assembly/disassembly of the tectomer is highly sensitive to pH modulation, these nanocarriers are promising candidates for site-specific controlled drug delivery. The loading of guest molecules may be achieved at neutral pH, meaning increased solubility coupled to enhanced protection from rapid degradation. Drug release would occur in an acidic pH environment, for instance in the stomach (pH <3). Also it is known that some pathological tissues (tumors, inflamed and infected tissue) have a more acidic environment compared to normal tissues. 69 As hydrophobicity has been an obstacle that hinders the practical use of many anticancer drugs, the use of oligoglycine peptides as effective biocompatible delivery system for hydrophobic therapeutic anticancer drugs is of interest (to name a few examples, coralyne, nitidine, fagaronine, camptotecine, flavopereirine, ellipticine, acridine and derivatives). Also, as the tectomer/coralyne system reported here provides both therapeutic and sensor functionalities, these pH-sensitive nanocarriers may be attractive in theranostics.
However, much work, involving in vitro and in vivo studies, still needs to be conducted to fully evaluate their potential biomedical applications.
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